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1. Abstract 
The last decades have seen an exceptionally rapid rise of a novel type of solar cell based on 
organic- inorganic hybrid perovskite materials. The efficient solid state perovskite solar cells 
(PSCs) were initially reported in the middle of 2012. Despite of the fact that the perovskite solar 
cell was a recent technology at that time, perovskite solar cells have experienced 
unprecedentedly rapid progress by achieving energy conversion efficiency of 16.2% at the end of 
2013. The energy conversion efficiency was enhanced by achieving a confirmed value of 17.9% in 
early 2014. Power conversion efficiency have risen to over 22% from 3% in only a few years. 
Furthermore, a broad range of various fabrication methods, novel device architectures, and 
different p and n types semiconductors have been discovered by scientists up to now. This broad 
diversity explicitly points the fact that power conversion efficiency is still far off from the possible 
maximum level of power conversion efficiency. In addition to the aim of the maximum achievable 
power conversion efficiency, the stability issue of PSCs must be well investigated and addressed 
in order to commercialize highly efficient PSCs. The choice of hole transport materials (HTMs) has 
been significant impact on the photovoltaic parameters and long term stability of PSCs. This 
report aims to elucidate the employment of novel inorganic p-type HTMs in PSC devices. 
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HTM  Hole transport material 
ETM  Electron transport material 
PSC  Perovskite solar cell 
PCE  Power conversion efficiency 
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ITO  Tin doped indium oxide  
FTO  Fluorine doped tin oxide  
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TEM  Transmission electron microscope 
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DI water Deionized water  
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1. Introduction 
Organic-inorganic halide perovskite solar cells have received significant attention owing to their 
excellent optical and electrical properties yielding remarkable performance in PSC devices. 
Perovskite materials expressed with the general formula of ABX3 exhibit the same crystal 
structure as CaTiO3, where A employs either organic formamidinium (NH=CHNH3) or 
methylammonium (CH3NH3) ion, B represents Sn,Cs, Pb, or Cd ion, and X is a halogen ion such as 
I-, Br-, Cl-  [1]. The remarkable performance of these PSC devices can be ascribed to their low 
exciton binding energy of 2 meV, direct bandgap energy, ability to absorb the light in broad 
spectrum in visible and near infrared light spectrum[2].  
Typically, PSC devices incorporates perovskite absorber layer with approximately 300 nm-thick 
between a hole transport material (HTM) and electron transport material (ETM). PSC devices are 
classified as either n-i-p or p-i-n structure depending on whether electrons or holes are collected 
at the bottom conducting substrate electrode (i.e. transparent conducting oxide such as Tin 
doped indium oxide (ITO) and  fluorine doped tin oxide (FTO)) . The n-i-p PSC configuration can 
be further classified into (i) meso-superstructured PSCs, incorporating an insulating scaffold such 
as ZrO2 and Al2O3 that does not contribute charge collection, (ii) mesoporous PSC, having a metal 
oxide semiconducting layer with about 200-600 nm thickness as ETM with an extra n-type thin 
semiconductor compact layer on the top of  it, (iii) planar devices employing only compact layers 
of ETM and HTM without a mesoporous layer, (iv) HTM free PSC devices that does not have an 
HTM in the device configuration[3]. In p-i-n structures, electrons are collected at the metal back 
contact such as gold (Au), silver (Ag), Platinum (Pt) and holes are collected at either ITO or FTO 
depending on the transparent conducting oxide employed in the architecture. The p-i-n 
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configuration can be also in the form of mesoporous or planar based on whether HTM layer is 
mesoporous or compact layer[4]. It is essential to understand design requirements and working 
mechanism of HTMs in PSC devices for achieving higher PCEs and better stabilities under long-
term operation. The HTM plays key roles for various purposes in working mechanism of PSCs: (i) 
it acts as a physical blocking barrier between anode and perovskite layer suppressing electron 
transfer to the anode, (ii) it enhances the hole transfer efficiency, (iii) avoids the potential 
degradation at which occurs metal (e.g. Au, Ag, Pt) and perovskite interface in the absence of 
HTM, (iv) helps open voltage circuit (Voc) increase by adjusting the splitting of the perovskite 
layer’s quasi Fermi energy levels[5]. The incorporation of suitable HTMs along with perovskite 
material yielded to a Voc of 1.5 V in PSCs[6]. With the employment of HTM layer, surface coverage 
can be enhanced and the top contact and the bottom transport layers are entirely separated, 
leading to the elimination of charge recombination[7]. 
The choice of HTM is essential to achieve remarkable PCE and stability for PSC devices. Inspired 
from the imperative role that hole transport materials plays in enhancing stability and device 
performance of PSCs, this report aims to elucidate the effects of employed inorganic p-type HTMs 
in PSCs and propose low-temperature novel inorganic p-type HTMs in PSC devices to address 
stability and efficiency issues. 
2. Thesis scope 
This report is based on achieving two main objectives. Enhancing the recent power conversion 
efficiency and stability in moist environments are the chief purposes of this report by employing 
low-temperature novel inorganic p-type HTMs in PSC devices. To contribute the ongoing research 
on development of PCE and stability in PSC devices, promising inorganic p-type hole transport 
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materials with high conductivity and various fabrication techniques have been studied and 
summarized in this report. 
Firstly, NiOx, copper and silver-based delafossite oxides including CuCrO2 and AgAlO2 via both 
solution processes and hydrothermal reaction methods have been extensively studied as an 
inorganic p-type hole transport material in the perovskite solar cells structure. NiOx and CuCo2O4 
were synthesized via spin-coating based on solution processing, while CuCrO2 and AgAlO2 
delafossite oxides were deposited via spin coating based on dispersion of nanocrystals, which 
were synthesized using hydrothermal reaction method. In this report, various inorganic p-type 
HTMs were employed in order to achieve uniform surface morphology, and therefore higher 
stability, higher power conversion efficiency as an ultimate result of higher fill factor and Voc. 
In the recent years, a broad range of p-type materials, including organic small molecules, 
conducting polymers, organometallic compounds, and inorganic materials have been employed 
as HTMs in PSC devices. Among a variety of HTMs used in PSCs, P3HT and Spiro-OMeTAD have 
exhibited the most promising device performance, achieving a PCE as high as 15%. Despite of the 
reasonable PCEs, these organic p-type materials possesses a number of drawbacks, including 
inferior hole mobility in their undoped form, high sensitivity to ambient with the addiction of 
dopants, and expensive material costs. The incorporation of organic p-type HTMs hinders stability 
of PSC devices. This becomes a barrier for organic HTMs to be used in PSCs, especially when 
commercialization of PSCs is considered, which strictly requires few years of operation under 
ambient conditions. These stringent conditions have made inorganic p-type materials to be 
employed in PSCs, which have already exhibited promising results owing to their high conductivity 
and wider band gap[8]. Moreover, a great number of reports have shown that inorganic p-type 
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HTMs outperformed their organic counterparts in terms of stability and PCEs. The use of such p-
type inorganic materials as HTMs will not only yield high PCEs but also, even more importantly, 
will lead to better stability under long-term operation and cost effective PSC devices. 
3. Literature review 
The literature review here provides a better understanding of the mechanism of various p-type 
semiconductor materials as a hole transport layer and the effect of different inorganic p-type 
HTMs on device performance. This literature review helps to construct a well-organized 
framework for the synthesis of materials and their expected performance outcomes. 
Perovskite solar cells with various architecture have been investigated and reported over the past 
few years. Firstly, different synthesizes methods of NiO as a hole transport material are discussed 
and briefly summarized. Secondly, CuCo2O4 is introduced and studied as a potential HTM. Finally, 
delafossite oxides, namely CuCrO2 and AgAlO2, are synthesized via hydrothermal method and 
employed in PSC devices for the first time.  
3.1. Selection requirements for HTMs in PSCs 
The photovoltaic mechanism in PSCs consists of two steps: light absorption by perovskite material 
in PSCs and subsequently electrons and holes collection at the respective contacts. For PSC 
devices to operate efficiently, HTMs should offer (i) high hole mobility to minimize losses during 
the process of hole transport, (ii) compatible valence band maximum with that of perovskite 
material, (iii) high moisture and thermal stability for long term operation, and (iv) low cost 
material and processing. The hole mobility of HTMs have significant impact on PCEs of PSCs. 
Employing HTMs with low hole mobilities results in vast Ohmic losses across the HTM, leading to 
low fill factor (FF)[9]. 
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3.2. NiO as a hole transport material  
Organic-inorganic hybrid perovskites have been proven to be one of the most significant 
achievement in the field of photovoltaics and have attracted much interest for solar energy 
applications[10]. These perovskites have been explicitly studied and reported as light absorption 
materials due to their excellent optoelectronic properties, such as band gap energy alignment, 
relatively small exciton binding energy, the ability to absorb a broad range of light, their long 
charge carrier diffusion length, and their lifetime in different environments. The certified power 
conversion efficiency of these perovskite solar cells has already exceeded over 22% by tuning 
interfacial energy band levels and having better control over thin film structure and surface 
morphologies[11]. Inverted planar structure with a p-i-n structure has received considerable 
attentions. They exhibit not only less hysteresis during forward and reverse scanning than n-i-p 
type of planar heterojunction devices, but they can be also fabricated via low temperature 
solution process technique using poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonic acid) 
(PEDOT:PSS) films as the hole contact materials, which make these structure applicable for 
flexible solar cell devices[12]. For example, inverted planar heterojunction with p-i-n structure 
has reached up to 18.1% by employing PEDOT:PSS as a hole transport layer[13].  However, 
PEDOT:PSS as a hole transport layer(HTL) is not suitable to provide stability in long term operation 
due to its hygroscopicity and inherent high acidity[14]. To address this critical issue, p-type 
inorganic materials have been employed as they are chemically more stable and cost effective 
compare to organic hole transport materials (HTM). PbS quantum dots, CuSCN films, CuI, reduced 
graphene oxide, Cu2O, and NiOx have been employed to successfully replace PEDOT:PSS in 
inverted planar perovskite solar cells[15]. Among these materials, nickel oxide is particularly one 
of the most investigated inorganic candidates. Nickel oxide is one of the most suitable material 
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as a hole transport layer due to its wide band gap and high conduction band (CB) edge. This is a 
crucial feature to be employed as electron blocking layer. To date, NiOx based PSCs have used an 
expensive pulse laser deposition method, which is not suitable for large scale fabrication due to 
its cost. Moreover, this technique uses a post annealing treatment at 200 0C in order to improve 
quality of nickel oxide films, which makes these materials unsuited for flexible substrates. And 
hence, it is very desirable to explore low temperature processed NiOx films with excellent hole 
transport capabilities. The photovoltaics performance of solution processed nickel oxide films and 
NiOx films prepared by using spray pyrolysis as a hole transport material is still far from optimum 
efficiency due to their low fill factor(FF) and Jsc [16]. 
In this part of the report, NiOx films prepared by using both low temperature solution processes 
and spray pyrolysis are discussed. 
3.2.1. High efficiency inverted planar perovskite solar cells with solution-processed NiOx 
hole contact 
In this work, NiOx films are prepared using a simple solution prepared method into an inverted 
planar structure of FTO/NiOx/MAPbI3/PCBM/Ag. The schematic device configuration NiOx based 
with an inverted planar structure is illustrated in Figure 1. 
 
Figure 1. The schematic device architecture of NiOx based perovskite solar cell 
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For an effective hole extraction, valence band (VB) edge of perovskite layer is required to be lower 
than highest occupied molecular orbital (HOMO) of hole transport material in the structure. 
Energy level diagram of the fabricated perovskite solar cell device is presented in Figure 2 along 
with valence band (VB) and conductive band (CB) edges.  It is clearly seen that holes and electrons 
are initially being formed in perovskite layer, and then holes and electrons are shifted towards p-
type semiconductor, NiOx in this case, and n-type semiconductor, PCBM in this device 
architecture, respectively.  
 
Figure 2. The energy band alignment of the fabricated perovskite solar cell 
0.1 Molar (M) of nickel nitrate hexahydrate (Ni (NO3)2 · 6H20) was firstly dissolved in ethanol, and 
stirred overnight. The resulting solution was then filtered using 0.45 μm nylon filters before spin 
coating. Subsequently, nickel oxide precursor solution was spun onto the cleaned fluorine-doped 
tin oxide coated glass substrates (FTO) at 4000 rpm for 30 seconds. The post annealing treatment 
was conducted at 350 0C for 60 min by using a ramping rate of 3 0C.min-1. The thickness of NiOx 
films were tuned by the number of spin coating. 1 time, 2 times, 3 times, and 4 times spin coating 
were employed to optimize the NiOx film thickness, corresponding to 40, 49, 59, and 71 nm 
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respectively[17]. The photovoltaic performances of the fabricated device with four different NiOx 
film thicknesses are shown in Table 1 and Figure 3.  
 
Table 1. Performance parameters of the device with different NiOx film thickness 
The increase in thickness from 49 to 71 nm results in charge transfer reduction from CH3NH3PbI3 
to nickel oxide, which ultimately causes PL intensity and τ2 to increase. J-V curves of the fabricated 
devices based on four different NiOx thicknesses are presented in Figure 3. 
 
Figure 3. J-V curves of the PSCs with four different NiOx precursor spin coating times 
When thickness of nickel oxide layer increased from 40 to 49 nm, Jsc, Voc, and FF of the fabricated 
device increased. This results in a higher power conversion efficiency (PCE) with 13.99%. 
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However, further increase in thickness of NiOx caused the increase of series resistance (Rs). This 
can be ascribed to increased recombination induced by thicker NiOx and longer distance for 
dissociated carriers to shift FTO electrode.  
 
Figure 4. (a) SEM image of optimized thickness (49 nm) of NiOx (inset captured for EDS test 
area); EDS spectra of 49 nm thick NiOx 
The surface morphology of NiOx film is presented in Figure 4a. The SEM image clearly shows a 
continuous and fully cover structure of NiOx film. The energy dispersive spectroscopy (EDS) of 
NiOx is shown in Figure 4b, showing that oxygen and nickel elements are obviously present on 
FTO substrate. This paper introduces a simple solution process NiOx film preparation and the 
device with optimized thickness (59 nm) of NiOx. The fabricated device has shown to reach 13.99% 
PCE. 
3.2.2. Low-temperature solution-processable copper doped nickel oxide hole 
transporting layer via the combustion method 
NiOx as a hole transport material has shown excellent properties because of its inherent p-type 
semiconducting features, high transparency, and deep lying VB with 5.4 eV that provides well 
match with the valence band (VB) of CH3NH3PbI3 [18]. Combustion method requires lower 
transition energy to form metal oxides due to its ability to generate self-energy, exothermic 
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reaction. This technique uses lower processing temperature to replace conventional solution 
process reaction which are endothermic and requires significantly higher external thermal energy 
to be able to form copper doped nickel oxide.  
In this paper, a low temperature solution process combustion method is employed at 150 0C to 
synthesis Cu:NiOx layer. It has been found that the minimum temperature for the formation of 
Cu:NiOx is 130 0C. For example, 100 0C is not sufficient to initiate the formation of the film.     
 
Figure 5. The synthesis of Cu:NiOx via combustion method 
Figure 5 shows a typical route to synthesize copper doped nickel oxide films. In this work, 
combustion method prepared Cu:NiOx is used in a planar inverted configuration of ITO/Cu:NiOx 
/CH3NH3PbI3 /C60/Bis-C60 /Ag. The fabricated device configuration is presented in Figure 6. For 
combustion method Cu:NiOx, 0.95 mmol of nickel nitrate hexahydrate(Ni (NO3)2 · 6H20) and 0.05 
mmol of Cu(NO3)2·3H2O was mixed and dissolved in 10 mL of 2- methoxyethanol.  This solution 
was stirred at 50 0C for 1 hour. Subsequently, 10 μL of acetylacetone was added up into the 
resulting solution, and the solution was allowed to be stirred additional 1 h at room temperature. 
The solution was filtered using 0.45 μm filters before spin coating. The Cu:NiOx was spun onto ITO 
glass at 5000 rpm for 45 s. The substrates was then annealed at 150 0C for 1h[19]. 
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Figure 6. Cross sectional SEM image of the fabricated device  
J-V curves of the fabricated solar cell devices are shown to compare conventional sol-gel 
processed Cu:NiOx and combustion method Cu:NiOx in Figure 7. 
 
Figure 7. J-V curves both conventional sol-gel processed and combustion method Cu:NiOx 
The photovoltaic parameters of both conventional sol-gel processed and combustion method 
Cu:NiOx are presented in Table 2. The testing was conducted over 12 devices, and average PCEs 
were shown in bracket. The significant enhancement was achieved on the increase of Jsc and FF. 
This can be ascribed to the altered charge extraction of combustion method Cu:NiOx, that is 
closely related to improved electrical conductivity by employing combustion method. 
 
Table 2. The photovoltaic parameters of the fabricated devices  
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The surface morphology and crystallinity of both combustion-derived and conventional solution 
processed Cu:NiOx are examined using SEM and XRD patterns, respectively. Figure 8a shows 
densely packed grains, and homogenously covered structure Cu:NiOx of both conventional sol-gel 
and combustion method. Figure 8b exhibits recognizable diffractions at 2θ= 37.80 and 43.70, 
matching well with the representative diffraction peaks of (111) and (200) planes for the cubic 
structured NiO films[20]. 
 
Figure 8. (a) XRD pattern of Cu:NiOx prepared by using both conventional sol-gel and 
combustion method; (b) SEM images of Cu:NiOx 
This work exhibits the excellent potential for fabricating low-temperature Cu:NiOx by 
representing an essential milestone for achieving high power conversion efficiency of Cu:NiOx 
based PSC. 
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3.2.3. Highly efficient flexible perovskite solar cells using solution-derived NiOx hole 
contacts 
In this work, chemical precipitation technique is used to prepare NiOx nanoparticles. This report 
shows that NiOx films  can be efficiently fabricated at 130 0C on ITO substrates by using the 
configuration of ITO/NiOx/CH3NH3PbI3/ PCBM/Ag. 12.8 g of Nickel(II) chloride hexahydrate was 
firstly dissolved in 100 mL of deionized water using magnetic stirrer. Subsequently, 10 M of NaOH 
was added into the resulting solution dropwise until the pH of 10 was reached. The resulting 
solution was green color, and this solution was centrifuged and washed off with deionized water 
twice to precipitate. Then the powder was dried at 80 0C for 12 h, and the post annealing 
treatment was conducted at varied temperatures for 2 h. NiOx was dispersed in deionized water 
using ultra sonication for 8 h. Subsequently, the resulting solution was filtered using 0.45 μm 
nylon filters before spin coating. NiOx precursor solution was spun onto ITO substrates 2000 rpm 
for 30 s. The spin coating was followed by annealing of substrates at 130 0C for 20 min in air[12]. 
Figure 9 shows the SEM image of deposited NiOx nanoparticles on ITO substrates.  
 
Figure 9. SEM top view of deposited NiOx nanoparticles on ITO substrates 
In Figure 9, top view SEM image reveals non-uniform NiOx film due to aggregations of NiOx 
nanoparticles. Cross-sectional view of the fabricated device is presented in Figure 10. J-V curves 
of both PEDOT:PSS and NiOx films based fabricated devices are shown in Figure 11. The device 
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with NiOx achieves the PCE of 16.47 along with Voc of 1.07 V and FF of 74.8%, whereas PEDOT:PSS 
based device reaches up to PCE of 11.39% with Voc of 0.95. Both devices show negligible hysteresis 
during forward and reverse scan.  
 
Figure 10. The fabricated solar cell device configuration using cross-section SEM image 
 
Figure 11. J-V curves of PEDOT:PSS and NiOx based devices 
The photovoltaic parameters of both PEDOT:PSS and NiOx hole contact based devices are 
summarized in Table 3.  
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Table 3. The photovoltaic parameters of PEDOT:PSS and NiOx based devices 
The NiOx films prepared dispersing in deionized water exhibit excellent hole transport property. 
NiOx films based fabricated solar cell devices achieved the maximal PCE of 16.47%[12]. 
3.2.4. High-quality NiO layer prepared by spray pyrolysis  
Spray pyrolysis is a technique that metal oxides thin films are deposited by spraying a precursor 
solution on a preheated surface. One of the major interests in spray pyrolysis is for cost effective 
manufacturing of transparent conductive layers[21]. NiO layer was fabricated using spray 
pyrolysis, and constructed into the configuration of FTO/ NiO based HTL/ MAPbI3/ PCBM based 
ETL/ Ag shown in Figure 12. 
 
Figure 12. The perovskite solar cell device architecture with doped NiO prepared by spray 
pyrolysis 
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20x10-3 M of nickel acetylacetonate, 3.75x10-3 M of magnesium acetate tetrahydrate ((CH3 COO)2 
Mg · 4H2O), and 1.25x10-3 M of lithium acetate was dissolved in the mixture containing 
acetonitrile and ethanol with the volume ratio 95:5. The precursor solution was sprayed onto 
clean FTO substrates at 500 0C by introducing air as a carrier gas. Subsequently, the NiO films 
were annealed 500 0C for 30 min in ambient.  Figure 13a reveals J-V curves with forward and 
reverse scans of the solar cell devices with doped NiO films. Figure 13b illustrates stability analysis 
of the fabricated devices aged under continuous AM 1.5 light soaking at approximately 25 0C along 
with less than 25% of humidity and dark oven atmosphere with the temperature of 85 0C with 
less than 25% humidity. The device shows the PCE of 19.46% with Voc of 1.108 V and FF of 0.771 
in forward scan. The difference of PCEs between forward and reverse scan is nearly 0.1%, which 
is a negligible value for hysteresis. 90% of the initial PCE is maintained under standard AM 1.5G 
irradiation[22].  
 
Figure 13. (a) J-V curves with forward and reverse scan of the device; (b) stability data of the 
device both under continuous light soaking and dark condition 
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3.2.5. Optical and electrical studies on Mg-doped NiO thin films prepared by spray 
pyrolysis technique 
This work focuses on the synthesis of Mg doped NiO films using spray pyrolysis. The precursor 
solution was prepared using 0.01 M of nickel chloride (NiCl2.6H2O) in 0.3 liter of distilled water. 
Once the homogenous solution was obtained, then magnesium acetate (Mg(CH3COO)2.4H2O) was 
added with a few drops of acetic acid until the pH of 5 was reached. The molar ratio of Mg2+ to 
Ni+2 varied from 1% to 3% to obtain the optimum condition[23]. The optical transmission of 
undoped NiO and varied content of Mg doped NiO is shown in Figure 14a. Optical band gap of 
undoped NiO and Mg doped NiO films is presented in Figure 14b.  
 
Figure 14. (a) Optical transmittance of undoped NiO and Mg doped NiO prepared by spray 
pyrolysis; (b) Plots of [α (hυ)]2 versus the photon energy . 
It is clearly seen in Figure 14a that the films show high transparencies with an average 
transmittance approximately 85% in the visible region. The incorporation of Mg into NiO 
increased band gap energy from 3.59 to 3.62 eV. This can be attributed to the factors such as 
grain size and lattice strain.  
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3.3. Low-temperature synthesized copper-based delafossite oxides as HTMs in PSCs   
A variety of inorganic p-type HTMs such as CuSCN, NiOx , Cu2O, and MoO3 have been employed 
in PSCs. Amongst these HTMs, NiO has been widely utilized as HTM in PSCs. However, NiOx has a 
number of intrinsic disadvantages, including necessary high temperature or vacuum processing 
to obtain crystalline final product, high absorption coefficient, low hole mobility, and low 
conductivity[24]. To address these issues, Zhang et al. reported solution-processed inorganic p-
type CuGaO2 as HTM in the n-i-p configuration with the device architecture of FTO/ TiO2/ 
CH3NH3PbI3-xClx/CuGaO2/Au, as seen in Figure 17. 
 
Figure 17. (a) CuGaO2- based fabricated PSC device architecture. (b) The energy band diagram of 
each components in the corresponding PSC device 
In this work,CuGaO2 nanoplates were synthesized via microwave assisted hydrothermal reaction 
at 230 0C for 2 h, and the resultant CuGaO2 was stored in absolute isoproponal to be spun-coating 
on the top of perovskite layer.The thickness of CuGaO2 was optimized to be 345 nm. With the 
incorporation of solution-processed CuGaO2, the fabricated PSC device exhibited an impressive 
PCE of 18.51%, and a Voc as high as 1.11 V, which is higher than that of the PSCs employing Spiro-
OMeTAD as HTM. More importantly, the employment of solution- processed CuGaO2 remarkably 
enhanced the long-term stability of fabricated PSCs[25]. 
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On  the other hand, inorganic p-type CuAlO2 offers thermal and chemical stability, good optical 
transparency, and conductivity as high as 1 S cm-1 [26]. Igbari et al. employed 15 nm-thick CuAlO2 
/ PEDOT:PSS hole conducting bilayer in CH3NH3PbI3-xClx based inverted planar PSC device, as 
shown in Figure 18. The employment of deposited CuAlO2 via dc sputtering technique not only 
achieved a PCE of 14.52% but it also enhance device stability by creating a layer between ITO and 
PEDOT:PSS, which has intrinsically acidic nature. 
 
Figure 18. (a) Device configuration highlighting CuAlO2/ PEDOT:PSS bilayer. (b) The energy band 
level diagram of components in fabricated PSC 
4. Potential inorganic p-type materials as HTMs in PSCs 
In this part, potential novel inorganic p-type delafossite oxides are briefly reviewed based on 
their optoelectronic properties. It is essential to understand design requirements and the 
working principle of HTM in PSCs. For HTMs to be employed in PSCs, they should exhibit good 
hole mobility, which enhances the fill factor(FF), good transparency in the visible light region, 
which reduces optical losses, and excellent chemical and thermal stability[27]. 
Copper based delafossite oxide, CuGaO2, has shown a promising photovoltaic results. 
However, the growth of CuGaO2 via spin-coating resulted in very rough surface morphology 
26 
 
due to the large size of CuGaO2 nanoplates. To address this shortcoming, we explored another 
delafossite oxide, CuCrO2, with the purpose of synthesizing smaller nanocrystals to enable 
smooth surface. It has been reported that CuCrO2 offers higher hole mobility and conductivity 
compared to CuGaO2 [28]. Wang et al. demonstrated the synthesis of inorganic p-type CuCrO2 
nanocrystals with less than 10 nm in size via microwave-assisted hydrothermal reaction. 
CuCrO2 exhibits a layered structure consisting of linearly coordinated O-Cu-O layers and edge 
sharing CrO6 layers with octahedral structure[29]. CuCrO2  offers a wide optical bandgap (Eg  ) 
with the approximate value of 3.6 eV, decent transparency of approximately 75% in the visible 
region, and excellent p-type conductivity. With these optoelectronic properties, the alternate 
delafossite oxide , CuCrO2 , holds remarkable promise in PSCs . 
In addition to copper-based delafossite oxides, silver-based delafossite oxide, AgAlO2 usually 
require high temperatures above 300 0C for solid-state synthesis and confronts practical 
issues due to easy decomposition of Ag2O at 300 0C. Xiong et. al introduced low-temperature 
( 180 0C) hydrothermal synthesis of AgAlO2 in the presence of NaOH mineralizer[30]. Owing 
to excellent optical properties over 85% in the visible spectrum, wide band gap as much as 
3.89 eV, and good conductivity, AgAlO2 appears to be a promising candidate for HTM in 
PSCs[31]. 
4.1. Key factors on the size and formation of delafossite oxides 
Crystal growth of delafossite oxides occurs based on oriented attachment (OA) process[32]. 
During OA growth process, nanocrystals are initially formed and work as a block for the formation 
of the secondary monocrystalline structure[33]. Primary nanocrystals interact with each other 
and these interactions entail repulsive force ( i.e. steric and electrostatic repulsions) and 
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attractive force ( i.e. van der Waals force). Attractive forces aid OA growth, whereas repulsive 
forces favor the inhibition of OA growth by keeping delafossite nanocrystals away from each 
other[34]. According to this growth mechanism, CuCrO2 and AgAlO2 delafossite oxides are firstly 
formed at the beginning of hydrothermal reaction, then proceed through OA growth, resulting 
into larger nanoplates or nanowires depending on whether CuCrO2 or AgAlO2 is synthesized, as 
shown in Figure 19. 
 
Figure 19. The proposed oriented attachment (OA) process 
By adjusting reaction parameters, including the reaction temperature, the pH of precursor, the 
reaction time, the incorporation of surfactant, the nanocrystal size and crystallinity can be well 
controlled. The dielectric constant of the aqueous solution is inversely proportional to the 
repulsion force surrounding nanocrystals. As reaction temperature increases, the dielectric 
constant of water decreases[35]. Hence, higher reaction temperature tend to suppress the OA 
growth of CuCrO2 and AgAlO2, resulting in smaller size nanocrystals. However, safety conditions 
must be primarily taken into consideration when higher temperatures are used in hydrothermal 
reaction. On the other hand, the addiction of surfactant ( e.g. sodium dodecyl sulfate) creates a 
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blocking barrier around nanoparticles to agglomerate all together and induce a steric repulsion 
against the formation of larger nanoplates[36]. 
Among various inorganic HTMs reported previously, Table 1 summarizes the inorganic p-type NiO 
and copper based delafossite oxides as HTMs employed in PSC devices and their corresponding 
photovoltaic parameters.  
Inorganic HTM Perovskite Material  Voc (V) Jsc (mA/cm2) FF(%) PCE (%) Ref. 
Nickel based 
NiOx interlayer CH3NH3PbI3 1.06 18.2 56 10.6 [37] 
NiOx films CH3NH3PbI3 1.01 21.0 76 16.1 [38] 
NiOx CH3NH3PbI3 1.06 18.0 56 10.6 [39] 
NiO CH3NH3PbI3 0.96 15.8 59 8.93 [40] 
NiOx films CH3NH3PbI3 1.07 20.5 75 16.4 [41] 
Cu doped NiOx CH3NH3PbI3 1.11 18.7 72 14.9 [4] 
NiO CH3NH3PbI3 0.92 12.4 68 7.88 [42] 
NiO CH3NH3PbI3 1.00 14.6 64 9.51 [43] 
NiO films  CH3NH3PbI3-xClx 0.78 14.2 65 7.3 [44] 
Copper-based delafossite oxide 
CuAlO2 films CH3NH3PbI3-xClx 0.88 18.58 62 10.14 [45] 
CuGaO2 films CH3NH3PbI3-xClx 1.11 21.66 77 18.51 [25] 
Table 1. Photovoltaic parameters of inorganic p-type NiO and copper- based delafossite oxides 
as HTMs in PSCs 
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5. Experimental section  
During the first semester of the project, NiO synthesis as an inorganic p-type hole 
transport material was the main focus to work on. Therefore, approximately six different 
fabrication routes of NiO were prepared. The main motivation here was to obtain uniform 
surface without pinholes and grow compact NiO layer. We synthesized eight different 
solution-processed NiO compound, one of which was decided to fabricate the solar cell 
device because it was only route that resulted in pinhole-free surface. Second semester, 
the project was to synthesize copper and silver-based delafossite oxides. In this part of 
the report, all different synthesis routes for NiO and delafossite oxides and experimental 
details are introduced with their own corresponding Reaction ID.  
5.1. NiO synthesis and fabrication as an inorganic p-type HTM 
5.1.1 NiO synthesis and deposition ( Reaction ID: CC-B1-R8) 
0.1 M of nickel nitrate hexahydrate was firstly dissolved in 2 mL of ethanol. Then, 0.1 M of 
ethanolamine was added to the solution. The resulting solution was stirred at 70 0C for 3 h. The 
solution was filtered using 0.45 μm nylon filters before spin coating. The NiO precursor solution 
was spun on cleaned FTO substrates using different spin coating parameters. The synthesis route 
of NiO was summarized in Table 6. 
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Chemical Molar Mole Mass MW Volume 
Nickel Nitrate 
Hexahydrate 
0.1 0.0002 0.05816 gr 
(68 mg) 
290.8 solid 
Ethanolamine 0.1 0.0002 0.01236 61.8 12.2 µl 
(d=1.012) 
Ethanol Above substances were dissolved in total of 2 mL of ethanol 
 Table 6. The precursor used to prepare solution processed NiO film 
The resultant precursor solution was clear and filtered with 0.45 µm PVDF filters before spin-
coating, as seen in Figure 20. 
 
Figure 20. Resultant homogenous and clear NiO solution after filtration (Reaction ID: CC-B1-R8) 
Subsequently, the NiO precursor solution was spun-coated on the cleaned FTO substrates at 4000 
rpm for 30 s. This spin-coating was done 1 cycle, 2 cycles, and 3 cycles to grow compact NiO layer 
with different thickness. And, the substrates were annealed in ambient atmosphere at different 
temperatures (i.e. 150 0C for 1 h and 300 0C for 30 min) to optimize annealing conditions for better 
crystallinity and hence better conductivity. The annealed NiO compact films were stored for the 
fabrication of PSC device. 
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5.1.2. NiO synthesis and deposition ( Reaction ID: CC-B1-R4) 
First,  NiO precursor solution was prepared by mixing 0.1 M Nickel Nitrate Hexahydrate as 
precursor in 2-methoxyethanol ( 2 ml) as a solvent with tiny amounts ( 12.2 µl  in 2 ml 2-
methoxyethanol) of ethanolamine as a stabilizing agent. The solution mixture was stirred 
overnight at room temperature (i.e. 28 0C). The resultant clear solution is filtrated prior to spin 
coating, as shown in Figure 21. 
 
Figure 21. Resultant homogenous and clear NiO solution after filtration (Reaction ID: CC-B1-R4) 
Prior to spin-coating of NiO solution, FTO glass substrates were thoroughly cleaned using soap 
solution, DI water, ultrasonication in acetone for 45 min, and followed by another ultrasonication 
in isopropyl for 45 min. Subsequently, cleaned FTO substrates were treated with UV-ozone prior 
to spin-coating.  The NiO solution was grown on FTO substrates at 4000 rpm with 2000 
acceleration for 90 s. NiO films were heat treated on a hot plate at various temperature in air (i.e. 
150 0C for 1 h and 300 0C for 30 min). The annealed NiO compact films were stored for the 
fabrication of PSC device. The synthesis route of NiO was summarized in Table 7. 
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Chemical Molar Mole Mass MW Volume 
Nickel Nitrate 
Hexahydrate 
0.1 0.0002 0.05816 gr 
 
290.8 solid 
Ethanolamine 0.1 0.0002 0.01236 61.8 12.2 µl 
(d=1.012) 
2-methoxyethanol Above substances were dissolved in total of 2 mL of 2-methoxyethanol 
Table 7. The precursor used to prepare solution processed NiO film 
5.1.3. NiO synthesis and deposition (Reaction ID: CC-B1-R5) 
NiO precursor solution was prepared by dissolving 1 M Nickel Nitrate Hexahydrate in 1 ml 
ethylene glycol solution containing tiny amount (60.3 µl) of ethanolamine as a stabilizing agent. 
The resultant solution was stirred for 10 h at room temperature, as shown in Figure 22. 
 
Figure 22. Resultant homogenous and clear NiO solution after filtration (Reaction ID: CC-B1-R5) 
Subsequently, the resultant solution was spun-coated on cleaned ITO substrates at a spinning 
speed ranging from 4000 rpm to 5000 rpm for 90 s to control NiO film thickness. The substrates 
were then heat treated on a hot plate at 300 0C in air for 1 h. The synthesis route of NiO was 
summarized in Table 8. The annealed substrates were stored for the fabrication of PSC devices. 
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Chemical Molar Mole Mass MW Volume 
Nickel Nitrate 
Hexahydrate 
1 M 0.001 0.290 gr 
 
290.79 solid 
Ethanolamine 1 M 0.001 0.0603 gr 61.08 60.3 µl 
(d=1.012) 
Etylene glycol Above substances were dissolved in total of 1 mL of EG. 
Table 8. The precursor used to prepare solution processed NiO film 
5.1.4. NiO synthesis and deposition (Reaction ID: CC-B1-R6) 
NiO precursor solution was synthesized by dissolving 1 M Nickel Nitrate Hexahydrate in the 
mixture of ethanol and ethylene glycol solution (V/V, 0.9 ml: 0.1 ml, respectively) with the 
addition of 66.9 µl of ethylenediamine as a stabilizing agent. The resultant solution was stirred at 
room temperature to obtain clear solution, as shown in Figure 23. The resultant NiO precursor 
solution was spun-coated on both ITO and FTO substrates at 4000 rpm for 90 s in ambient 
conditions. 
 
Figure 23. Resultant homogenous and clear NiO solution after filtration (Reaction ID: CC-B1-R6) 
Both ITO and FTO substrates resulted in non-uniform NiO layers with pinholes, and therefore 
further annealing was not conducted. The synthesis route of NiO was summarized in Table 9. 
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Chemical Molar Mole Mass MW Volume 
Nickel Nitrate Hexahydrate 1 M 0.001 0.290 gr 290.79 solid 
Ethylenediamine 1 M 0.001 0.0601 gr 60.10 66.9 µl 
(d=0.899) 
Ethylene Glycol And Ethanol Above substances were dissolved in 0.1 mL of EG and 0.9 mL of Ethanol 
Table 9. The precursor used to prepare solution processed NiO film 
5.1.5. Copper doped NiO solution process and deposition (Reaction ID: CC –B1- R19) 
For the combustion technique Cu:NiOx that requires relative low temperatures with 150 0C, 55.2 
mg of Ni(NO3)2.6H2O (0.19 mmol) and 2.42 mg of Cu(NO3)3.3H2O (0.01 mmol) were dissolved in 2 
ml of 2-methoxyethanol as a solvent. After the solution was stirred for 1 h at 50 0C oil bath, 2 µl 
of acetylacetone was added to the solution mixture as a stabilizing agent. And, the resultant green 
solution mixture was further left for stirring at room temperature for 2 h. Subsequently, cleaned 
ITO substrates were treated with UV-ozone prior to spin coating. The Cu:NiO precursor solution 
was spun-coated on the top of ITO substrates at 4000 rpm for 90 s in ambient conditions. The 
resultant Cu:NiO film quality was non-compact with pinholes, and hence the substrates were used 
for further fabrication. 
5.2. Copper and silver-based delafossite oxides as a novel inorganic p-type HTMs 
5.2.1. Copper chromium oxide ( CuCrO2) 
First, 4.8 mL of Cr(NO3)3 aqueous solution (0.5 M), 4.8 mL of Cu(NO3)2 aqueous solution (0.5 M), 
and 13 mL of deionized water are mixed. Second, 24 mL of aqueous KOH solution (0.5 M) is slowly 
added into the mixture with stirring. The reaction was left stirring overnight. The overnight stirred 
resultant precursor was then sealed and transferred into Teflon autoclave for hydrothermal 
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reaction at 180 0C for 6 h. The resultant product was washed with DI water and methanol twice, 
then centrifuged and vacuum dried at room temperature. The CuCrO2 suspension solution was 
prepared by dispersing CuCrO2 nanoparticles in IPA, DI water, and methanol solvents, as seen in 
Figure 24. The concentration of each dispersed solution was tuned to 10 mg/mL. The resultant 
dispersion solution was stored at room temperature and monitored the sustainability in two days, 
Appendix 2. Each solution was treated with ultrasonication probe for 15 min prior to spin-coating. 
The successful dispersion CuCrO2 solution was spun-coated on ITO substrates at 2000 rpm for 30 
s, followed by annealing on a hot plate at 100 0C for 15 min. IPA dispersed CuCrO2 with (Sample 
C as seen in Figure 24) was characterized using TEM to identify nanoparticle size after Dynamic 
Light Scattering (DLS) analysis. 
 
Figure 24. CuCrO2 dispersion in various solvent (a) in Methanol, (b) in DI water, (c) in IPA 
5.2.2. Copper chromium oxide ( Reaction ID: CC-B1-R40, CuCrO2) 
First, 1.2 mmol of Cr(NO3)3 , 1.2 mmol of Cu(NO3)2 were dissolved in 7.2 mL of deionized water 
.Second, 12 mL of aqueous KOH solution (0.5 M) is slowly added into the mixture with stirring. 
Subsequently, 6 ml of ethylene glycol (EG) was added to the solution mixture as a reducing agent. 
The resultant solution was stirred at room temperature for 12 h. The overnight stirred resultant 
precursor was then sealed and transferred into Teflon autoclave for hydrothermal reaction at 200 
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0C for 4 h. The resultant product was centrifuged and upper liquid phase was discarded. The 
resultant solid phase was washed with dilute ammonia solution (1 M), dilute nitric acid (1 M), and 
DI water three times. The resultant solid product was stored in IPA solvent with the concentration 
of 10 mg. ml-1. The resultant dispersion was unsuccessful, as shown in Figure 25. 
 
Figure 25. Unsuccessful CuCrO2 dispersion in IPA, indicating precipitation 
5.2.3. Copper chromium oxide ( Reaction ID: CC-B1-R32) 
First, 0.15 mmol Cr(NO3)3.9H2O, 0.15 mmol Cu(NO3)2 · 3H2O and 0.15 mmol SDS were dissolved 
in total of 16 ml DI water, and pH was tuned to 3.42 with the addition of KOH. Subsequently, 2 ml 
of ethylene glycol was added to reaction mixture. The resultant solution was stirred at room 
temperature for 12 h. The overnight stirred resultant precursor was then sealed and transferred 
into Teflon autoclave for hydrothermal reaction at 200 0C for 4 h. The impurities was washed 
away by dilute ammonia solution (1 M). The resultant solution was stored in IPA, as seen in Figure 
26. The successful CuCrO2 solution in IPA was spun-coated on ITO substrates at 2000 rpm for 30 
s, followed by annealing on a hot plate at 100 0C for 15 min. The CuCrO2 coated substrates were 
used for PSC device fabrication. 
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Figure 26. CuCrO2 dispersion in IPA (10 mg/ml) 
5.2.4. Silver aluminum oxide ( Reaction ID: CC- B1- R47, AgAlO2) 
 In a typical synthesis, AgAlO2 nanocrystals were prepared via hydrothermal reaction. 0.015 mol 
Al(NO3)3.9H2O and 0.015 mol AgNO3 were dissolved in 70 mL of DI water under stirring. Then, 0.6 
g of NaOH mineralizer was dissolved in 6 ml of DI water, and slowly added to the reaction mixture 
to tune the pH 9.75. After the reaction solution was stirred for 2 h, the solution was transferred 
into autoclave for hydrothermal reaction at 200 0C for 6 h. The resultant gray-white precipitate 
was washed with 1 M of nitric acid, 1 M of ammonia, and DI water, and stored in IPA solvent. The 
successful dispersion was achieved in IPA solvent (24 mg/ml). Further investigations using TEM, 
XRD, and DLS were carried out to understand the impact of pH on crystallization and morphology. 
5.2.5 Silver aluminum oxide ( Reaction ID: CC- B1- R49, AgAlO2) 
The reaction route was followed same as the previous reaction. However, pH was tuned to 7.60. 
0.015 mol Al(NO3)3.9H2O and 0.015 mol AgNO3 were dissolved in 70 mL of DI water under stirring. 
Then, 0.24 g of NaOH mineralizer was dissolved in 6 ml of DI water, and slowly added to the 
reaction mixture to tune the pH 7.60. After the reaction solution was stirred for 2 h, the solution 
was transferred into autoclave for hydrothermal reaction at 200 0C for 6 h. The resultant gray-
white precipitate was washed with 1 M of nitric acid, 1 M of ammonia, and DI water, and stored 
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in IPA solvent. The successful dispersion was achieved in IPA solvent (26 mg/ml). Further 
investigations using TEM, XRD, and DLS were carried out to understand the impact of pH on 
crystallization and morphology. 
5.2.5 Silver aluminum oxide ( Reaction ID: CC- B1- R50, AgAlO2) 
The reaction route was followed same as the previous two reactions. However, pH was tuned to 
11.16. 0.015 mol Al(NO3)3.9H2O and 0.015 mol AgNO3 were dissolved in 70 mL of DI water under 
stirring. Then, 0.72 g of NaOH mineralizer was dissolved in 6 ml of DI water, and slowly added to 
the reaction mixture to tune the pH 11.16. After the reaction solution was stirred for 2 h, the 
solution was transferred into autoclave for hydrothermal reaction at 200 0C for 6 h. The resultant 
gray-white precipitate was washed with 1 M of nitric acid, 1 M of ammonia, and DI water, and 
stored in IPA solvent. The successful dispersion was achieved in IPA solvent (29 mg/ml). Further 
investigations using TEM, XRD, and DLS were carried out to understand the impact of pH on 
crystallization and morphology. Both AgAlO2 dispersion in IPA based on precursor pH:7.6 and pH: 
11.16 are seen in Figure 27. 
 
Figure 27. AgAlO2 with 7.6 precursor pH in IPA ( on the left side) and AgAlO2 with 11.16  
precursor pH in IPA ( on the right side) 
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6. Results  
In this section, the prepared copper and silver-based delafossite oxides are examined in terms of 
crystallinity using XRD, particle size, morphology and crystallinity using TEM, and particle size 
using DLS measurements. Both CuCrO2 and AgAlO2 with good dispersions were used for PSC 
device fabrication, yet only CuCrO2 in IPA dispersion ( CC-B1-R32) showed a comparable PCE, and 
hence the PCE of PSC device is here shown for only Sample CC-B1-R32. X-ray diffraction(XRD) 
spectrum in Figure 28 shows the hydrothermal reaction synthesized AgAlO2 with the precursor 
pH of 9.75. The narrow diffraction peak is identified as AgAlO2. According to Scherrer equation, 
the crystalline size is calculated as approximately 10- 80 nm, which is much smaller than 
previously reported AgAlO2 nanoparticles. The hydrothermal reaction at 200 0C for 4 h with the 
precursor pH of 9.75 was adequate to form pure AgAlO2 , as evidenced by the narrow and sharp 
peak at 140. The narrow and sharp peak at 2θ= 140 indicates highly crystalline small sized AgAlO2 
nanoparticles. 
 
Figure 28. XRD spectra of hydrothermal synthesized AgAlO2 (with pH =9.75) in IPA dispersion 
The hydrothermal synthesized AgAlO2 with different precursor pH nanocrystals are also 
characterized using TEM. Figure 29 shows HRTEM images of AgAlO2 with pH precursor of 9.75. 
20
70
120
170
220
270
10 15 20 25 30 35 40 45 50
In
te
n
si
ty
 (
a.
u
.)
2θ(°)
XRD- CC-B1-R47-AgAlO2
O : AgAlO2
O
40 
 
The HRTEM image on the right side reveals individual AgAlO2 nanocrystals and corresponding 
lattice spacing. 
 
Figure 29. HRTEM of AgAlO2 nanocrystals with pH precursor of 9.75 
The hydrothermal synthesized AgAlO2 particles with precursor pH of 7.60 is also characterized by 
TEM. Figure 30 shows the variation of wire-shaped AgAlO2 particles with the change in precursor 
pH. It has been found that the lower pH results in larger AgAlO2 nanoparticles and less 
crystallinity.  
 
Figure 30. HRTEM of AgAlO2 nanocrystals with pH precursor of 7.60 
To elucidate the effect of precursor pH on the nanoparticles’ size, AgAlO2 with precursor pH of 
11.16 was synthesized under the same hydrothermal conditions. It has been found that not only 
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AgAlO2 nanoparticles become smaller in size but also results in better crystallinity, as shown in 
Figure 31. The shape of AgAlO2 varies from wire-shaped to cubic-shaped with the further increase 
of precursor pH to 11.16. 
 
Figure 31. HRTEM of AgAlO2 nanocrystals with pH precursor of 11.16 
With the incorporation of NaOH mineralizer, the precursor pH was tuned to 11.16, and less than 
15 nm-sized AgAlO2 nanoparticles were achieved. 
The particles size were measured by using Dynamic Light Scattering (DLS) for CuCrO2. Table 10 
summarizes the particle size as a function of precursor pH of CuCrO2. 
Sample ID  Synthesis Conditions  Dispersion 
Quality 
Particle 
size 
Spin-coating 
CuCrO2 (Sample ID: CC-B1-R33) No SDS, No EG, pH: 3.6, 
200 C for 4 h 
Good 90.5 nm UNIFORM 
CuCrO2 (Sample ID: CC-B1-R34) No SDS, No EG,pH:9.5, 
180 C for 6 h 
Good 78.8 nm UNIFORM 
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CuCrO2 (Sample ID: CC-B1-40) No SDS, No EG,pH:4, 200 
C for 4 h 
Good 368 nm UNIFORM 
CuCrO2 ( Sample ID: CC-B1-R32) with SDS and EG , pH= 3.4, 
200 C for 4 h 
Good 25.9 nm UNIFORM 
Table 10. Summary of CuCrO2 particle size with various hydrothermal and precursor conditions 
The smallest CuCrO2 nanoparticles were achieved in the presence of SDS surfactant and ethylene 
glycol (EG). The precursor pH, hydrothermal reaction temperature and time, the incorporation of 
surfactant and reducing agent are the key factors to influence the size of CuCrO2 nanoparticles. 
6.1. Synthesis and characterization of CuCrO2 nanoparticles 
The PSC device was fabricated based on CuCrO2 with 25.9 nm nanoparticle size ( CC-B1-R32) as a 
HTM . In a typical CuCrO2 nanoparticles synthesis, 0.15 mmol Cr(NO3)3.9H2O, 0.15 mmol Cu(NO3)2 
· 3H2O and 0.15 mmol SDS were firstly dissolved in DI water (16 ml) .Then, precursor pH was tuned 
to 3.42 with the addition of KOH. Subsequently, 2 ml of ethylene glycol was added to reaction 
mixture. The resultant solution was stirred at room temperature for 12 h. The overnight stirred 
resultant precursor was then sealed and transferred into Teflon autoclave for hydrothermal 
reaction at 200 0C for 4 h. The impurities was washed away by dilute ammonia solution (1 M). The 
resultant solution was stored in IPA ( 10 mg/ ml). Before fabrication PSC device, CuCrO2 ( CC-B1-
R32) was also characterized using TEM. HRTEM images in Figure 32 reveals small particle size ( < 
40 nm) confirming DLS measurement. 
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Figure 32. HRTEM of CuCrO2 nanocrystals with pH precursor of 3.4 in the presence of SDS as a 
surfactant and EG as a reducing agent 
6.2. Device Fabrication and performance 
In this work, PSC device with an inverted structure of ITO/ CuCrO2/MAPbI3/PCBM/C60/BCP/Ag was 
fabricated and tested. ITO -coated glasses were cleaned using DI water, ethanol, acetone, and 
isopropyl alcohol. ITO-coated glasses were treated with UV plasma for 15 min for better surface 
quality. The CuCrO2 in IPA dispersion was spun-coated on the top of ITO at 2000 rpm for 30 s, 
followed by annealing at 100 0C for 15 min to prepare a CuCrO2 film of approximately 35 nm for 
device fabrication. CuCrO2 film thickness was measured using Profilometer.The MAPbI3 
perovskite precursor was prepared by mixing MAI with PbI2 ( 1:1 molar ratio) in anhydrous N,N-
dimethylformamide (DMF) solvent with the concentration of 1.40 M. The perovskite precursor 
solution was spun-coated on the top of CuCrO2 film at 4500 rpm, and after 8 s 180 μl of toluene 
was quickly dropped towards the center of the substrate to form uniform perovskite layer. 
Subsequently, the substrates were annealed at 100 0C for 15 min. Then, PCBM in anhydrous 
chlorobenzene as an electron transporting material was spun-coated on perovskite film at 1000 
rpm for 40 s, followed by deposition of C60 and BCP using thermal evaporation. Finally, silver 
electrode was grown using thermal evaporation on the top. 
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The photocurrent- voltage (J-V) curves of fabricated PSC devices were measured using a digital 
source meter under AM 1.5 G illumination. To compare the results, the controlled PSC device with 
PTAA as a HTM was also tested in terms of J-V characteristic.  
 
Figure 33. J-V curves with reverse scan mode for the best performing device employing CuCrO2 
as a HTM and the control device with PTAA as a HTM, using a metallic mask with an aperture 
area of 0.09 cm2 at a scan rate of 0.07 V s-1 
The best PV performance obtained from the optimum CuCrO2 synthesis and film thickness is 
shown in Figure 33. The best performing PSC device has shown a Jsc as high as 23 mA cm-2, and a 
Voc of 1.05 V, and a FF of 0.47, leading to a PCE of 11.35%. These PV parameters are higher than 
PTAA-based controlled PSC device. The enhanced Jsc can ascribed to efficient hole extraction. The 
slightly improved Voc can be interpreted as a consequence of remarkable energy band alignment 
between CuCrO2/the perovskite interface, which reduces charge-extraction barrier. However, low 
FF with 0.47 can be due to incomplete crystallinity of CuCrO2, resulting in lower conductivity.   
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7. Conclusion and future outlook 
To summarize, this project had two key conclusions: the crystal growth mechanism and the phase 
formation of the copper and silver-based delafossite oxides as well as PSC device employing 
CuCrO2 as a HTM. 
Firstly, we systematically studied and showed the phase formation and the crystal growth 
mechanism of CuCrO2 and AgAlO2 delafossite oxides at low-temperature hydrothermal reaction. 
Reaction temperature higher than 180 0C and a precursor pH was the key factors impacting on 
the formation of copper and silver-based delafossite oxides. Precursor pH above 7.60 was the 
requirement for AgAlO2 to form crystalline structure. On the other hand, optimum precursor pH 
was found to be 3.40 for CuCrO2 to form crystalline delafossite structure and achieve reasonable 
conductivity for perovskite solar cell applications. As a part of oriented attachment (OA) process 
studied in this report, initially delafossite oxide nanocrystals are formed and then form larger-
sized nanowires by going through oriented attachment (OA) process. By suppressing or promoting 
this OA process, both large silver-based delafossite nanowires ( > 0.5 μm) and small sized both 
copper and silver-based delafossite nanocrystals ( < 15 nm) were selectively synthesized using 
low-temperature hydrothermal reaction for PSC device application.  
Secondly, among all CuCrO2 and AgAlO2 delafossite oxides synthesized using various precursor 
pH, reaction time and temperature, we demonstrated the synthesis of less than 20 nm 
nanocrystal size of CuCrO2 and employed as a HTM in PSC devices. The CuCrO2 exhibited high 
transparency with 85% in the visible light. With UV-ozone treatment, prior to PSC device 
fabrication, the CuCrO2 conductivity, and therefore the PSC device performance, are significantly 
improved. We have demonstrated that efficient PSC devices employing low-temperature solution 
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processed CuCrO2 as HTM. The optimized PSC device exhibited a promising PCE of 11.35%, which 
is comparable with PSC devices employing organic HTMs such as Spiro-OMeTAD. Owing to 
remarkably smooth film, the CuCrO2 nanocrystal HTM shows superior device performance, 
compared to previously reported delafossite oxides.  However, CuCrO2 as a HTM still has few 
disadvantages and limitations. When conventional hydrothermal is utilized, the reaction 
temperature is the biggest limitation due to safety reasons, which is not allowed to be above 200 
0C for aqueous-based precursors. The lower temperature has significant impact on the CuCrO2 
final phase formation, crystallinity, conductivity, and hence PSC device performance.  The 
reaction temperatures below 200 0C may produce intermediate phase (e.g. Cu2O), which could 
hinder the conductivity and hence PSC device performance. Furthermore, it has been found that 
the formation of CuCrO2 and AgAlO2 delafossite oxides are extremely sensitive to minor factors ( 
e.g. humidity during stirring at room temperature) and tend to be low on reproducibility. In 
addition to conventional Teflon autoclave-based hydrothermal reaction, microwave-assisted 
hydrothermal synthesis could be beneficial and promising to achieve smaller size delafossite 
nanocrystals in a shorter reaction time. This strategy could yield smoother film, final product 
phase, and better conductivity, which might result in better PSC device performance as well as 
better ambient and thermal stability.  
Another strategy for fabricating compact and pinhole-free delafossite oxides is the use of spray 
pyrolysis. However, annealing temperature commonly requires high temperatures above 400 0C 
for spray pyrolysis-grown delafossite oxides to achieve desired crystallinity and conductivity. With 
respect to commercialization and large scale production, microwave- assisted hydrothermal 
reaction appears to be more promising owing to lower annealing temperatures and possibility of 
inkjet or screen printing large scale fabrication.      
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8. Appendices 
I synthesized over 60 different CuCrO2 and AgAlO2 delafossite oxides with various hydrothermal 
reaction and precursor parameter such as precursor pH, reaction time and temperature. The 
below image shows CuCrO2 with the same conditions used for HTM in PSC devices, as seen in 
Figure 34. However, Even though the reaction conditions were kept the same, the dispersion and 
the ability of being dispersed in the same solvent were significantly different, indicating the low 
reproducibility.  
 
 
Figure 34. The same reaction condition of CuCrO2 yielding different quality of dispersion in 
different polar and non-polar solvent 
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